Introduction
============

As the aging population continues to increase, the prevalence of bone-related pathologies will also continue to increase. Osteoporosis is the most common cause of fractures with an estimated 33.6 million individuals over the age of 50 having osteopenia or low bone mass.^[@bib1]^ Bone is a dynamic tissue consisting of a variety of cell types. Osteoblasts are the cells that secrete organic matrix and minerals that form bone. Osteoclasts are multinucleated cells that secrete degradative enzymes that result in the resorption of bone matrix. The processes of bone formation and bone resorption are collectively known as bone remodeling and occur throughout the aging process.^[@bib2]^ This is a tightly coupled process that is regulated by a variety of molecules. In the case of osteoporosis, bone resorption becomes more active, whereas bone formation becomes less active.^[@bib3]^ Currently, there are few therapeutic agents that help treat bone loss. The search for new therapeutics for the treatment of osteoporosis and bone loss has become an imperative aspect.

Through the use of genetically manipulated animal models to mimic disease state, new molecules important for bone development have been discovered. Osteoactivin (OA/GPNMB) was first discovered in a model of the *op* osteopetrotic rat.^[@bib4]^ Osteoactivin is a heavily glycosylated type I transmembrane protein expressed in both osteoblasts and osteoclasts.^[@bib5],\ [@bib6]^ Previous literature has shown that Osteoactivin undergoes ectodomain shedding by metalloproteinases and can stimulate different cellular functions.^[@bib7],\ [@bib8],\ [@bib9]^ Our lab has shown that Osteoactivin is a positive regulator of bone formation *in vitro* and *in vivo*.^[@bib5],\ [@bib10],\ [@bib11],\ [@bib12]^ Mutation in Osteoactivin resulted in impaired bone formation both *in vivo* and *ex vivo.*^[@bib13]^ Osteoactivin has also shown to be expressed in osteoclasts. Our lab has shown that mutation in Osteoactivin results in enhanced osteoclastogenesis but impaired bone resorption indicating that Osteoactivin acts as a negative regulator of osteoclast differentiation, but a positive regulator of bone resorption.^[@bib14]^ Other groups have shown that Osteoactivin acts as a positive regulator for both osteoclast differentiation and function.^[@bib6],\ [@bib15],\ [@bib16]^ Thus, the role of Osteoactivin should be clearly defined in order for its potential use as a therapeutic option.

The signaling pathway involved in Osteoactivin-mediated regulation of osteoclast differentiation and function has yet to be completely and clearly defined. Previous studies have shown that Osteoactivin may bind to α~v~β~3~ integrin and stimulate resorption.^[@bib6],\ [@bib16]^ To date there has not yet been a receptor identified for Osteoactivin-mediated regulation of osteoclast differentiation. Recently, we have shown that Osteoactivin binds to CD44, a transmembrane receptor expressed in bone cells.^[@bib9]^

The first evidence of CD44 expression in bone was shown in osteocytes and was proposed as a marker for osteocytogenesis.^[@bib17]^ Since then, CD44 has been shown to be expressed in osteoblasts,^[@bib18],\ [@bib19],\ [@bib20]^ mesenchymal stem cells^[@bib21]^ and osteoclasts.^[@bib22]^ Studies from CD44-deficient mice show no difference in osteoclast differentiation both *in vivo* and *in vitro*;^[@bib23],\ [@bib24],\ [@bib25]^ however, when challenged with TNF-α (tumor necrosis factor-α), they develop inflammatory-induced bone loss.^[@bib23]^ CD44 has shown to have a large role in osteoclasts and osteoclast signaling. Several studies involving CD44 and osteoclasts have shown that CD44 interacts with α~v~β~3~ and osteopontin.^[@bib26],\ [@bib27]^ Previous literature has shown that CD44 stimulation by hyaluronan inhibits the migration of osteoclasts by down regulating matrix matalloproteinases.^[@bib28]^ These data indicate that CD44 activation may act as a 'stop\' signal for osteoclast resorption. Furthermore, it has been shown that CD44 ligands, such as hyaluronan, chondroitin sulfate and osteopontin, prevent macrophage/monocyte multinucleation.^[@bib29]^ This suggests that CD44 may be an important regulator of osteoclast size and fusion.

In this study, we used the recombinant Osteoactivin (rOA) in order to determine its role in osteoclastogenesis. We determined that recombinant Osteoactivin inhibits osteoclast differentiation of bone marrow-derived osteoclast progenitor cells in a dose-dependent manner *in vitro* assessed by TRAP staining-, activity-, and count as well as osteoclast-related gene expression. Furthermore, we reveal that recombinant Osteoactivin inhibits the ERK signaling pathway in osteoclasts through the CD44 receptor, and that Osteoactivin-mediated inhibition of osteoclastogenesis is CD44-dependent. Finally, we determined that Osteoactivin inhibits receptor activator of nuclear factor-κ B ligand (RANKL)-induced osteolysis *in vivo*, and that this process is also CD44-dependent. Overall, we believe that Osteoactivin-regulated inhibition of osteoclast differentiation is mediated through the CD44-ERK signaling axis. This is the first study to examine the relationship between Osteoactivin and CD44 in osteoclasts.

Materials and methods
=====================

Cell culture and reagents
-------------------------

Recombinant Osteoactivin (rOA), RANKL, M-CSF and Hyaluronan were purchased from R&D Technologies (Minneapolis, MN, USA). The CD44 antibody was purchased from Calbiochem (San Diego, CA, USA). The antibodies pPLCγ2, PLCγ2, pI~К~β, I~К~β, pJNK, JNK, pERK, ERK, pP38, P38 and GAPDH were purchased from Cell Signaling (Danvers, MA, USA). The tubulin antibody was purchased from Bioss (Woburn, MA, USA). The *p*-nitrophenyl phosphate, Fast Red Violet Salt and WGA Lectin HRP (from *Triticum vulgaris*) were all purchased from Sigma (St Louis, MO, USA).

Mice and osteoclast culture
---------------------------

C57Blk6 (wild-type (WT)) and CD44-deficient mice (CD44^−/−^; CD44KO) were purchased from Jackson Laboratory (Bar Harbor, ME, USA). WT and CD44KO 8-week-old males were used for osteoclast culture. All mouse colonies were housed and maintained at Northeast Ohio Medical University according to the guidelines set by the Institutional Animal Care and Use Committee (IACUC). Mouse bone marrow cells were isolated from 8-week-old male WT and CD44KO mice as previously described.^[@bib14]^ To generate osteoclasts, non-adherent bone marrow cells were plated at a cell density of 1.2 × 10^5^ cells in a 96-well plate and primed with M-CSF (20 ng ml^−1^) for the first 3 days. Osteoclast precursor cells (OCPs) were then given RANKL (40 ng ml^−1^) and M-CSF (20 ng ml^−1^) and a second dose of RANKL and M-CSF was given again 48 h later. In parallel cultures, OCP were treated with recombinant Osteoactivin along with RANKL and M-CSF. In certain instances, experiments were terminated at specific time points that include Primed (1 dose of 20 ng ml^−1^ M-CSF), Oc 5d (second dose of M-CSF with firsst dose of RANKL 40 ng ml^−1^), and Oc 7d (third dose M-CSF with second dose of RANKL). At day 7 osteoclasts were fixed, and TRAP activity and staining was assessed. TRAP-positive osteoclast (\>3 nuclei) images were taken using a Nikon Ti Eclipse inverted microscope (Nikon Instruments Inc., Melville, NY, USA). TRAP-positive osteoclast differential count and size were calculated using the NIS-Elements software (Nikon Instruments Inc.).

TRAP staining and activity
--------------------------

Mature osteoclasts in 96-well plates were fixed with 10% formalin, washed with dH~2~O and allowed to air dry. For TRAP activity assays methanol:acetone was added to cultures followed by incubation with TRAP buffer (52 m[M]{.smallcaps} of Na-tartrate in 0.1 M Na-acetate buffer pH 5.2) containing 0.1 mg ml^−1^ of *p*-nitrophenyl phosphate. The reaction was stopped by adding 1 N NaOH and read at an optical density of 405 nm using a BioTek Synergy microplate reader (BioTek, Winooski, VT, USA). For TRAP staining, mature osteoclasts were incubated with TRAP buffer containing 1.5 m[M]{.smallcaps} naphthol AX-MX phosphate and 0.5 m[M]{.smallcaps} Fast Red Violet LB Salt.

Immunoprecipitation
-------------------

Total cell lysates from osteoclast culture were pre-cleared with 20 μl protein A-Sepharose beads (Sigma; 50% slurry in phosphate-buffered saline (PBS)) end-over-end at 4 °C for 1 h. Cell lysates were then incubated with 3 μg anti-CD44 antibody or corresponding IgG isotype control (Abcam, Cambridge, UK) end-over-end at 4 °C overnight. The immune-complexes were captured by 25 μl protein A-Sepharose beads with end-over-end mixing for 1 h at 4 °C. Beads were then washed four times by centrifugation (400 × *g*, 5 min) in cell lysis buffer and then boiled at 95 °C for 5 min in 20 μl reducing SDS-sample buffer inducing the elution of the captured proteins. Beads were removed by centrifugation, and the supernatant was analyzed by Western blot.

Western blot analysis
---------------------

Total protein was isolated from osteoclast cultures using radioimmunoprecipitation assay buffer (Millipore, Billerica, MA, USA) with phosphatase inhibitor cocktail (Pierce, Rockford, IL, USA). Protein concentration was determined using the Pierce BCA protein Assay kit. Protein samples (25--40 μg) were subjected to separation SDS-PAGE and transferred to polyvinylidene fluoride membranes (BioRad, Hercules, CA, USA) by the Trans-Blot Turbo system (BioRad). Membranes were probed overnight with primary antibodies against CD44, pPLCγ2, PLCγ2, pI~К~β, I~К~β, pJNK, JNK, pERK, ERK, pP38, P38, GAPDH and Tubulin followed by incubation with secondary HRP conjugated antibodies. The signal was developed with chemiluminescent substrate (Millipore) and detected using the Syngene PXi system (Syngene, Rockville, MD, USA). Densitometric analysis was performed by the optical density of the phosphorylated protein over the total using the Syngene software analysis.

Docking studies
---------------

The docking studies used in this manuscript were conducted as previously described.^[@bib30],\ [@bib31]^ Briefly, 3D-QSAR modeling was performed using the CoMFA modules of SYBYL 8.1 (Tripos, St Louis, MO, USA), running on a Dell XPS720 3.66 GHz PC (Dell, Round Rock, TX, USA), dual-booted to run Red Hat Linux Enterprise 5 (Red Hat, Raleigh, NC, USA), and Microsoft Windows XP (Microsoft, Redmond, WA, USA). Compounds were drawn in SYBYL, and exported as SDF files. The SDF files were then used by OMEGA 2.3.2 (OpenEye Scientific Software, Santa Fe, NM, USA, <http://www.eyesopen.com>) which generates multiple conformers of each compound. ROCS 2.4.1 (OpenEye Scientific Software, <http://www.eyesopen.com>; commandline mode) software from Openeye using the RANKBY COMBO flags which optimize both shape overlay and chemical (color) overlay. For the docking study, we used MOE-Dock ([www.chemcomp.com](http://www.chemcomp.com)). The protein was protonated at pH 7.4, to assure biological relevance.

*In vitro* Osteoclast resorption assays
---------------------------------------

OCP isolated from WT and CD44KO were plated on Corning OsteoAssay surfaces (Corning, Corning, NY, USA) for 4 days with M-CSF (20 ng ml^−1^) and RANKL (40 ng ml^−1^). In parallel cultures, rOA (100 ng ml^−1^) was added to cultures 48 h before termination. On the fourth day, osteoclast cultures were terminated using 10% bleach. Resorption pits were analyzed by quantitation of the resorbed area of the well over the total area using the NIS-Elements software. In addition, OCP from WT and CD44KO were cultured on collagen-coated six-well plates and treated with M-CSF (20 ng ml^−1^) and RANKL (40 ng ml^−1^) for 48 h. Mature osteoclasts on collagen-coated plates were removed using 2.5 mg ml^−1^ collagenase in dissociation buffer (Life Technologies, Carlsbad, CA, USA) and seeded on bovine cortical slices in 96-well plates along with M-CSF and RANKL. In parallel cultures, rOA (100 ng ml^−1^) was added to osteoclasts seeded on cortical slices. Cells were fixed with 4% paraformaldehyde, permeabilized and incubated with rhodamine phalloidin, followed by counterstaining with DAPI mounting media to visualize actin ring formation. Images were taken using the Olympus 100 confocal microscope (Olympus, Tokyo, Japan). After staining for actin ring formation, osteoclasts on cortical slices were TRAP-stained and counted (\>3 nuclei) for each condition. For analysis of the resorption pits on the cortical slices, osteoclasts were removed with a soft brush and slices were incubated with 200 μg ml^−1^ lectin HRP for 1 h at room temperature. Slices were then incubated with 0.52 mg ml^−1^ 3,3′-diaminobenzidine for 30 min. Images were taken using a Nikon Ti Eclipse inverted microscope and resorption pit area and % of the resorbed area were measured using the NIS-elements software.

Calvaria bone resorption assay
------------------------------

A mouse model of RANKL-induced osteolysis from the calvaria was used as previously described.^[@bib32]^ A collagen sheet (100 mm^2^; Medline, Mundelein, IL, USA) was soaked with PBS (control), RANKL (50 μg ml^−1^) or RANKL and rOA (100 μg ml^−1^) in 30 μl volume and placed on the center of the calvaria of 5-week-old WT or CD44KO mice (*n*=5). After 7 days, the mice were killed and the calvaria were removed and fixed in 4% paraformaldehyde and stained for TRAP. Images were taken using a Nikon SMZ 800 stereomicroscope (Nikon Instruments Inc.). The TRAP+stained area was quantified using the NIS-Elements analysis software. Micro-computated tomography was also performed using the SkyScan 1172 microCT system (Skyscan, Aartselaar, Belgium; 72 kV, 113 μA, 7.7-μm sections). Three-dimensional reconstructed images of the calvaria were generated using SkyScan CTvox software (Skyscan).

RT-qPCR
-------

Total RNA was isolated from OCP, pre-osteoclasts and mature osteoclasts grown in six-well dishes by adding 1 ml Qiazol (QIAGEN, Hilden, Germany). Total RNA was purified using an RNA extraction kit (QIAGEN). RNA concentrations were determined using a NanoDrop 2000 Spectrophotometer (ThermoScientific, Pittsburgh, PA, USA). Following RNA isolation cDNA was prepared using a High Capacity cDNA Reverse Transcription kit (Life Technologies). Quantitative RT-PCR was performed with the Step-one qPCR system in duplicate with 2 × SYBR Green PCR Master Mix (Life Technologies). qPCR cycles consisted of an initial 50 °C cycle for 2 min, followed by a second cycle of 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and a final cycle of 60 °C for 1 min. Samples were analyzed using a 7900 Fast Real Time PCR System (Applied Biosystems, Foster City, CA, USA), and relative mRNA expression of osteoclast-related genes was determined using the ▵▵C~T~ method using GAPDH as an internal control. The sequences for oligonucleotide primers (Integrated DNA technologies, Coralville, IA, USA) for osteoclast-related genes are listed in [Table 1](#tbl1){ref-type="table"}.

Results
=======

Osteoactivin Inhibits RANKL-mediated Osteoclast Differentiation
---------------------------------------------------------------

Previous studies have shown that Osteoactivin is expressed in osteoclasts.^[@bib6],\ [@bib14],\ [@bib15],\ [@bib33]^ The role of Osteoactivin in osteoclastogenesis has been somewhat controversial. Previous studies have shown that Osteoactivin is important for both osteoclast differentiation and function and that this process may be mediated through α~v~β~3~ integrin.^[@bib14],\ [@bib15],\ [@bib16]^ Recently, our lab has found that mutation in Osteoactivin in D2J mice results in enhanced osteoclast differentiation.^[@bib6]^ This indicates that Osteoactivin modulates osteoclastogenesis. Although there are a few reports regarding the role of Osteoactivin in osteoclasts, the downstream signaling pathways related to Osteoactivin have not yet been determined.

In order to differentiate osteoclasts *in vitro*, inflammatory cytokines M-CSF and RANKL are required.^[@bib34]^ Certain cytokines have different effects on osteoclast differentiation based on when they are added in culture.^[@bib35],\ [@bib36]^ In order to determine the role of exogenous Osteoactivin treatment on osteoclast differentiation, we added recombinant Osteoactivin to OCP during osteoclast differentiation. Previous work from our lab has shown that recombinant Osteoactivin has different effects on osteoclast differentiation depending on when it is added in culture (Sondag, 2014, unpubl data). In this study, recombinant Osteoactivin was added at day 3 and day 5 of osteoclast differentiation just prior to and during osteoclast commitment, respectively ([Figure 1a](#fig1){ref-type="fig"}). Exogenous Osteoactivin treatment inhibited osteoclast differentiation assessed by TRAP staining ([Figure 1b](#fig1){ref-type="fig"}) and activity ([Figure 1c](#fig1){ref-type="fig"}) in a dose-dependent manner. Furthermore, recombinant Osteoactivin significantly inhibited osteoclast size and number ([Figures 1d--g](#fig1){ref-type="fig"}). Next, we sought to determine the effect of recombinant Osteoactivin treatment on osteoclast-related gene expression. Osteoactivin treated OCP showed a significant reduction in osteoclast-related gene expression both in a dose-dependent ([Figure 1h](#fig1){ref-type="fig"}) and time-dependent manner ([Figure 1i](#fig1){ref-type="fig"}). In order to determine at which stage of osteoclast differentiation Osteoactivin exhibits its maximum effect, recombinant Osteoactivin was added to osteoclasts in a stage-specific manner. Our results show that recombinant Osteoactivin treatment significantly inhibits osteoclast differentiation markers RANK and NFATc1, but slightly enhances osteoclast resorption marker Cathepsin K ([Figures 1j and k](#fig1){ref-type="fig"}). These data suggest that recombinant Osteoactivin inhibits RANKL-mediated osteoclast differentiation *in vitro* in a stage-dependent manner.

Recombinant osteoactivin inhibits ERK signaling in RANKL-induced osteoclastogenesis
-----------------------------------------------------------------------------------

The importance of the RANKL pathway including downstream signaling mediators and transcription factors has been previously described.^[@bib34],\ [@bib37],\ [@bib38]^ In order to determine the role of Osteoactivin during RANKL-mediated signaling, we pre-treated osteoclasts with recombinant Osteoactivin followed by RANKL treatment at different time points and analyzed downstream signaling. Recombinant Osteoactivin treatment significantly reduced the levels of phosphorylated ERK compared with untreated controls ([Figure 2a](#fig2){ref-type="fig"}). Interestingly, Osteoactivin seemed to have no effect on phosphoJNK ([Figure 2b](#fig2){ref-type="fig"}), phosphoP38 ([Figure 2c](#fig2){ref-type="fig"}) or phosphoI~К~β ([Figure 2e](#fig2){ref-type="fig"}) signaling. Interestingly, Osteoactivin treatment slightly increased the level of phosphoPLCγ2 ([Figure 2d](#fig2){ref-type="fig"}); however, the increase was not significant due to protein loading. These results indicate that Osteoactivin specifically inhibits RANKL-mediated ERK activation and osteoclast differentiation.

Osteoactivin-mediated inhibition of osteoclastogenesis is abrogated in CD44-deficient osteoclasts
-------------------------------------------------------------------------------------------------

In order to further examine the role of Osteoactivin-CD44 interaction on osteoclastogenesis, we used WT and CD44-deficient mice for osteoclast culture. We confirmed absence of CD44 in cultures by qPCR ([Figure 3a](#fig3){ref-type="fig"}) and Western blot ([Figure 3b](#fig3){ref-type="fig"}) analyses. Recombinant Osteoactivin added to WT cells showed a significant reduction in osteoclast differentiation by TRAP staining, activity and count in a dose-dependent manner; however, this effect was abrogated when CD44-deficient osteoclasts were treated with recombinant Osteoactivin ([Figures 3c--e](#fig3){ref-type="fig"}). This indicates that CD44 is involved in the Osteoactivin-mediated inhibition of osteoclastogenesis. To elaborate upon this idea, we repeated this same experiment with osteoclasts grown on bovine cortical slices. The results showed similar responses to osteoclasts grown on plastic. Osteoactivin inhibited osteoclast differentiation in WT cells as assessed by TRAP staining, activity and count; however, this effect was abrogated in CD44-deficient cells ([Figures 3f--h](#fig3){ref-type="fig"}). This indicates that osteoclasts from WT and CD44KO treated with Osteoactivin show similar results in both plastic and bovine slices. Next, we assessed whether CD44 was responsible for the Osteoactivin-mediated inhibition of osteoclast gene expression. Recombinant Osteoactivin added to WT OCP inhibited osteoclast-related genes including TRAP ([Figure 3i](#fig3){ref-type="fig"}), NFATc1 ([Figure 3j](#fig3){ref-type="fig"}), RANK ([Figure 3k](#fig3){ref-type="fig"}), DC-STAMP ([Figure 3l](#fig3){ref-type="fig"}) and Calcitonin Receptor (Calcitonin Rec.; [Figure 3m](#fig3){ref-type="fig"}); however, when Osteoactivin was added to CD44-deficient osteoclasts, this effect was abrogated. These data suggest that recombinant Osteoactivin-mediated inhibition of osteoclast-related genes is CD44-dependent.

Osteoactivin and hyaluronan inhibition of RANKL-induced osteoclastogenesis is mediated through two independent pathways
-----------------------------------------------------------------------------------------------------------------------

Previous work from our lab has shown that Osteoactivin binds to and interacts with CD44 in mesenchymal stem cells.^[@bib9]^ In order to gain insight into the interaction between CD44 and Osteoactivin, we conducted docking studies using the MOE-Dock program ([www.chemcomp.com](http://www.chemcomp.com)).^[@bib30]^ The protein was protonated at pH 7.4 to assure biological relevance. As can be seen in [Figure 4a](#fig4){ref-type="fig"}, the extracellular domain of Osteoactivin (OA-ECD; gray) interacts with the extracellular domain of CD44 (red). Interestingly, the specific interaction between OA-ECD and CD44 (green) occurs at the CD44 hyaluronan-binding domain.^[@bib39]^ To further elucidate on the CD44--Osteoactivin interaction, we used competitive binding studies using high-molecular-weight hyaluronan. Hyaluronan is the well-known and major ligand of CD44.^[@bib40]^ In order to assess Osteoactivin affinity for CD44, OCP were treated with M-CSF and RANKL to generate mature osteoclasts. Osteoclasts were either left untreated or treated with biotinylated recombinant Osteoactivin alone or in combination with high-molecular-weight hyaluronan. Protein cell lysate was collected followed by immunoprecipitation. Immunoprecipitation analysis revealed that biotinylated recombinant Osteoactivin binds to CD44 and upon hyaluronan treatment, Osteoactivin and CD44 binding is reduced ([Figure 4b](#fig4){ref-type="fig"}). This indicates that Osteoactivin and hyaluronan may bind to CD44 at the same site.

Previous literature has shown that high-molecular-weight hyaluronan inhibits osteoclast differentiation through toll-like receptor 4 *in vitro.*^[@bib32]^ In order to determine the interaction between hyaluronan, CD44 and Osteoactivin during osteoclastogenesis, we added either recombinant Osteoactivin or hyaluronan alone or in combination during osteoclast differentiation to WT and CD44-deficient mice (CD44KO). Recombinant Osteoactivin or hyaluronan treatment alone inhibited WT osteoclasts as expected. Interestingly, addition of Osteoactivin to CD44-deficient cells had no effect on osteoclast differentiation compared with control as assessed by TRAP staining and count ([Figures 4c and d](#fig4){ref-type="fig"}). Hyaluronan treatment to CD44-deficient cells alone inhibited osteoclasts, which was further enhanced with recombinant Osteoactivin. This indicates that Osteoactivin may inhibit osteoclasts through CD44 and that hyaluronan inhibits osteoclasts through toll-like receptor 4 and not CD44 as previously described.

Osteoactivin inhibition of RANKL-induced ERK phosphorylation is mediated through CD44
-------------------------------------------------------------------------------------

In order to determine if CD44 is responsible for Osteoactivin-mediated ERK inhibition we used WT and CD44-deficient mice and examined RANKL-mediated stimulation of osteoclast signaling in response to Osteoactivin treatment. Previous literature has shown that absence of CD44 has no effect on osteoclast differentiation *in vitro.*^[@bib25]^ Similarly, we have shown that absence of CD44 has no effect on RANKL-mediated ERK signaling ([Figure 5a](#fig5){ref-type="fig"}). In this study, we have shown that addition of recombinant Osteoactivin in RANKL-stimulated osteoclasts inhibits ERK phosphorylation. Addition of Osteoactivin in WT cells inhibited ERK phosphorylation as expected. Interestingly, the addition of Osteoactivin to CD44-deficient osteoclasts resulted in restoration of ERK phosphorylation to control levels ([Figure 5b](#fig5){ref-type="fig"}). This indicates that Osteoactivin inhibition of RANKL-induced ERK phosphorylation is mediated through CD44.

Recombinant osteoactivin inhibits osteoclast differentiation and recruitment through CD44 *in vivo*
---------------------------------------------------------------------------------------------------

Previous studies have shown that addition of anti-inflammatory cytokines can inhibit osteoclast differentiation and migration using a calvaria osteolysis model.^[@bib41],\ [@bib42],\ [@bib43],\ [@bib44]^ Therefore, we sought to examine the effects of recombinant Osteoactivin on osteoclast differentiation and recruitment *in vivo*. In WT mice, addition of RANKL significantly increased the number of TRAP-positive osteoclasts as expected; however, addition of RANKL in combination with recombinant Osteoactivin abrogated the RANKL-induced osteoclast differentiation and recruitment determined by TRAP staining ([Figures 6a and b](#fig6){ref-type="fig"}) and micro-computated tomography analysis ([Figure 6c](#fig6){ref-type="fig"}). To further elucidate the mechanism involved in the Osteoactivin-mediated inhibition of osteoclastogenesis *in vivo*, we tested recombinant Osteoactivin using the same model in CD44-deficient mice. As expected, RANKL alone stimulated osteoclast differentiation and recruitment. Interestingly, RANKL treatment, in combination with Osteoactivin, also stimulated osteoclast differentiation and recruitment in the CD44-deficient mice. These data indicate that Osteoactivin inhibits RANKL-induced osteoclastogenesis through CD44-mediated signaling *in vivo*.

Discussion
==========

In this study, we showed that recombinant Osteoactivin inhibits RANKL-mediated osteoclast differentiation, size and osteoclast-related gene expression. Our lab was the first to show that mutation in Osteoactivin results in enhanced osteoclastogenesis.^[@bib14]^ Controversially, other groups have published that Osteoactivin stimulates both osteoclast differentiation and function.^[@bib6],\ [@bib15],\ [@bib16]^ This may be explained by the fact that Osteoactivin may regulate osteoclasts in a stage-specific manner. Results generated from our lab have shown that addition of recombinant Osteoactivin has different effects on osteoclast differentiation and function based on when the protein is added in culture. Our results confirm the fact that Osteoactivin is a negative regulator of osteoclast differentiation through inhibition of RANK and NFATc1 during early osteoclastogenesis, and moderately stimulates osteoclast resorption during osteoclast maturity by enhancing Cathepsin K expression.

In this study, we demonstrated that recombinant Osteoactivin treatment inhibits osteoclast differentiation *in vitro* and *in vivo* through a CD44-ERK-dependent mechanism. Previous data from our lab have shown that mutation in Osteoactivin results in enhanced osteoclast differentiation and survival.^[@bib14]^ The MAPK pathway has extensively been shown to be important for osteoclast differentiation.^[@bib45],\ [@bib46],\ [@bib47],\ [@bib48]^ Our data indicate that recombinant Osteoactivin inhibits RANKL-induced ERK activation in osteoclasts. Previous literature has shown that TNF-α and IL-1α stimulate osteoclast survival through ERK signaling.^[@bib49],\ [@bib50]^ It will be interesting to determine if recombinant Osteoactivin has any role in MEK signaling and if recombinant Osteoactivin regulates osteoclast survival through the MEK/ERK pathways in osteoclasts.

In the current study, we have shown that Osteoactivin interacts with CD44 in osteoclasts. Previous studies have shown that absence of CD44 has no effect on osteoclastogenesis;^[@bib25]^ however, when challenged with an inflammatory cytokine such as TNF-α, develop inflammatory bone loss.^[@bib23]^ Furthermore, engagement of CD44 with hyaluronan was found to inhibit matrix matalloproteinase-9 mRNA expression and result in the inhibition of osteoclast motility.^[@bib28]^ Similarly, our results show that Osteoactivin interacts with CD44 in osteoclasts and that Osteoactivin-mediated inhibition of osteoclasts is CD44-dependent. CD44 has also been shown to be an important fusion marker,^[@bib51]^ and upon engagement with another ligand; inhibits multinucleation.^[@bib29]^ Similarly, our data show that recombinant Osteoactivin inhibits osteoclast size which seems to be CD44-dependent. CD44 has been shown to have a role in osteoclast migration and adhesion.^[@bib52]^ It will be interesting to determine if Osteoactivin has a role in osteoclast motility.

CD44 has shown to have a role in osteoclast-mediated bone resorption. Several sources of literature have shown that CD44 along with α~v~β~3~ integrin regulate osteoclast motility and bone resorption.^[@bib26],\ [@bib53],\ [@bib54]^ Osteoactivin has shown to bind to α~v~β~3~ and is believed to be responsible for osteoclast-mediated resorption.^[@bib6],\ [@bib16]^ In our study, we show that Osteoactivin binds to CD44; however, our data suggests that CD44 does not have a role in osteoclast-mediated resorption *in vitro* ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). This may be explained by the fact that CD44 and α~v~β~3~ integrin organize two functionally distinct domains in osteoclasts.^[@bib55]^ In a previous study, CD44 was shown to occupy the podosome core, whereas α~v~β~3~ integrin occupies the outer F-actin cloud in osteoclasts. Therefore, it may be possible that Osteoactivin binds to CD44 and inhibits osteoclast differentiation and fusion, but also binds to α~v~β~3~ integrin and stimulates osteoclast resorption *in vitro*. Future studies should focus on particular interactions and binding specificities between Osteoactivin, CD44 and α~v~β~3~ in modulating osteoclast function.

Our data suggest that recombinant Osteoactivin inhibits osteoclast differentiation, but stimulates resorption *in vitro*. Several other extracellular matrix proteins have shown to have this similar effect on osteoclasts. Fibrillin-1 has been shown to have dual roles in regulating osteoclast differentiation and function.^[@bib56]^ In this study, recombinant N-terminal Fibrillin-1 was shown to inhibit osteoclast differentiation but stimulate its function *in vitro*. Previous literature has also shown that fibronectin inhibits osteoclast differentiation activity, but stimulates function through IL-1β and nitric oxide.^[@bib57]^ Interestingly, fibronectin has been found to bind CD44 through its heparin-binding domain.^[@bib58]^ It will be interesting to determine if CD44, Osteoactivin and fibronectin have any interaction or involvement in osteoclast differentiation and function.

Our data indicate that recombinant Osteoactivin inhibits osteoclast differentiation and recruitment in an inflammatory *in vivo* osteolysis model. Previous literature has shown several different anti-inflammatory components that suppress osteoclast formation *in vivo*.^[@bib41],\ [@bib42],\ [@bib43]^ It is interesting to note that recombinant Osteoactivin has a negative response on osteoclast resorption *in vivo*, yet stimulated its function *in vitro*. There may be two separate explanations seen in this phenomenon. First, Osteoactivin may be inhibiting the recruitment and differentiation of osteoclasts directly resulting in a reduced number of osteoclasts and less resorption. Second, the results seen *in vivo* may be indirectly due to the effect of Osteoactivin on osteoblasts. Previous data from our lab have shown that addition of recombinant Osteoactivin in osteoblasts results in the reduction of RANKL and other inflammatory cytokines (data not shown). This is also supported by the fact that mutation in Osteoactivin results in an increase in RANKL expression.^[@bib14]^ Therefore, it may be possible that Osteoactivin may be indirectly affecting the osteoclasts by reducing the production of RANKL and other inflammatory cytokines secreted by the osteoblasts. Future studies should focus on the dual roles of Osteoactivin in osteoblasts and osteoclasts using tissue-specific transgenic or knockout animals to define the role of Osteoactivin in these cell types.

Interestingly, deficiency of CD44 resulted in the abrogation of Osteoactivin-mediated inhibition of osteoclast differentiation and recruitment *in vivo*. Previous studies have shown that CD44 has a potential role as an anti-inflammatory component in different tissue types.^[@bib59],\ [@bib60],\ [@bib61]^ A previous study has shown that CD44 can act as a critical inhibitor for joint destruction and inflammatory bone loss.^[@bib23]^ Furthermore, the anti-inflammatory response through CD44 has been linked to TGF-β.^[@bib62],\ [@bib63],\ [@bib64]^ Interestingly, Osteoactivin has been shown to regulate TGF-β levels as transgenic mice overexpressing Osteoactivin have increased levels of TGF-β.^[@bib12]^ It will be interesting to determine if there is a link between Osteoactivin, CD44 and TGF-β in reducing the inflammatory response *in vivo*.

Overall this study has shown that recombinant Osteoactivin inhibits osteoclast differentiation and that this effect seems to be influenced through its interaction with CD44. There is much attention being drawn to CD44 and Osteoactivin as repair factors. Previous literature has shown that CD44 and Osteoactivin are both upregulated in fracture calluses.^[@bib33],\ [@bib65],\ [@bib66]^ Furthermore, previous data from our lab and others have shown that Osteoactivin stimulates bone formation and angiogenesis *in vivo* in a mouse and rat calvaria defect model.^[@bib67],\ [@bib68]^ It will be interesting to determine if the interaction between CD44 and Osteoactivin can be translated *in vivo*. The use of fracture models in CD44 and Osteoactivin knockout models may help to identify the role of CD44 and Osteoactivin in bone repair.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies the paper on Experimental & Molecular Medicine website (http://www.nature.com/emm)
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![Recombinant Osteoactivin inhibits receptor activator of nuclear factor-κ B ligand (RANKL)-mediated osteoclast differentiation *in vitro*. (**a**) Diagram depicting the treatment of M-CSF, RANKL and recombinant Osteoactivin (rOA) during osteoclast culture. C57Blk6 bone marrow-derived osteoclast precursor cells (OCPs) were cultured with M-CSF (20 ng ml^−1^) and RANKL (40 ng ml^−1^) with or without different doses of recombinant Osteoactivin and stained for TRAP (**b**). Osteoclast differentiation was assessed by TRAP activity (**c**), Osteoclast size (**d**), total count (total Nuclei; *n*\>3) (**e**) and differential count (**f**, **g**). (**h**, **i**) Quantitative RT-PCR (qPCR) analysis of osteoclast-related genes is inhibited by recombinant Osteoactivin treatment in a dose-dependent (**h**) and a time-dependent (**i**) manner. (**j**, **k**) Western blot (**j**) and relative density analysis (**k**) of Osteoactivin treatment during different stages of osteoclastogenesis. Osteoactivin treatment inhibits osteoclast differentiation (RANK and NFATc1), but stimulates resorption (Cathepsin K) markers. These data are representative of three independent experiments. Data presented in all graphs represent mean±s.e.m. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 compared with control. Scale bar: 250 μm (**b**).](emm201678f1){#fig1}

![Recombinant Osteoactivin inhibits receptor activator of nuclear factor-κ B ligand (RANKL)-mediated osteoclast differentiation through the ERK pathway. (**a**) C57Blk6 bone marrow-derived osteoclast precursor cells (OCPs) were cultured with M-CSF (20 ng ml^−1^), RANKL (40 ng ml^−1^) alone or with recombinant Osteoactivin (100 ng ml^−1^) for 48 h. Recombinant Osteoactivin significantly inhibited ERK activation (**a**); however, other signaling molecules including JNK, P38, PLCγ2 and Iκβ did not seem to be affected (**b**--**e**). These data are representative of three independent experiments. Data presented in all graphs represent mean±s.e.m. \**P*\<0.05; \*\*\**P*\<0.001 compared with control.](emm201678f2){#fig2}

![Osteoactivin inhibition of receptor activator of nuclear factor-κ B ligand (RANKL)-mediated osteoclastogenesis is CD44-dependent. (**a**, **b**) Confirmation of CD44 deficiency in CD44KO cells determined by quantitative RT-PCR (qPCR) (**a**) and western blot analysis (**b**). (**c**--**e**) Bone marrow-derived osteoclast precursor cells (OCPs) from wild-type (WT) and CD44KO cells were differentiated with M-CSF and RANKL alone (control) or in combination with recombinant Osteoactivin (rOA; 100 ng ml^−1^) for 7 days to generate mature osteoclasts. (**c**) Microscopic images of TRAP-positive osteoclasts show an inhibition upon rOA treatment in WT samples; however, in CD44-deficient osteoclasts there is no effect upon rOA treatment. (**d**, **e**) Osteoclast parameters reveal an inhibition of osteoclast differentiation in rOA-treated WT cells shown by TRAP activity (**d**) and osteoclast count (*n*\<3) (**e**). (**f**--**h**) OCP from WT and CD44KO cells were cultured on collagen-coated six-well plates treated with M-CSF and RANKL for 48 h and re-plated onto bovine cortical slices with M-CSF and RANKL alone or with recombinant Osteoactivin for an additional 48 h. Mature osteoclasts from WT and CD44KO were analyzed by TRAP staining (**f**) and activity (**g**) and total count (*n*\<3) (**h**). (**i**--**m**) qPCR analysis of osteoclast-related genes from WT and CD44KO osteoclasts treated with and without recombinant Osteoactivin. OCP from WT and CD44KO cells were cultured with M-CSF and RANKL alone (CTL) or with recombinant Osteoactivin for 48 h followed by RNA isolation and qPCR analysis for osteoclast-related genes TRAP (**i**), NFATc1 (**j**), RANK (**k**), DC-STAMP (**l**) and calcitonin receptor (**m**). These data are representative of three independent experiments. Data presented in all graphs represent mean±s.e.m. \**P*\<0.05; \*\*\**P*\<0.001 compared with control. Scale bar: 100 μm (**c**); 50 μm (**f**).](emm201678f3){#fig3}

![Osteoactivin and hyaluronan inhibit osteoclastogenesis through independent pathways. (**a**) Docking results from MOE suggesting interaction between Osteoactivin extracellular domain (OA-ECD; gray) and CD44 (red) at the CD44 hyaluronic acid-binding domain (green). (**b**) Immunoprecipitation analysis revealing the interaction between biotinylated recombinant Osteoactivin (rOA) and CD44. Osteoclast precursor cells (OCPs) from wild-type (WT) cells were differentiated into pre-osteoclasts with M-CSF and receptor activator of nuclear factor-κ B ligand (RANKL) for 48 h. After the 48 h period, osteoclasts were serum-starved and treated with biotinylated rOA alone or in combination with hyaluronan (HA). Protein cell lysates were collected and subjected to immunoprecipitation and Western blot analysis. Blots were probed with anti-streptavidin and anti-CD44. (**c**, **d**) OCP from WT and CD44KO cells were differentiated with M-CSF and RANKL alone (CTL) or with rOA (100 ng ml^−1^) and hyaluronan (HA; 1 μg ml^−1^) alone, or in combination (rOA+HA) for 7 days to generate mature osteoclasts. Osteoclast differentiation was assessed by TRAP count (**c**) and staining (**d**). These data are representative of three independent experiments. Data presented in all graphs represent mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared with control. Scale bars: 250 μm (**d**).](emm201678f4){#fig4}

![Osteoactivin-mediated inhibition of ERK signaling in osteoclasts is mediated through CD44. (**a**) Osteoclast precursor cells (OCPs) from wild-type (WT) and CD44KO mice were isolated and differentiated into osteoclasts with M-CSF and receptor activator of nuclear factor-κ B ligand (RANKL) for 48 h. Protein cell lysates from the indicated time points were isolated, analyzed by western blot and probed with anti-CD44, anti-pERK, anti-ERK and anti-GAPDH. The results were analyzed using densitometric analysis of both the phosphoERK and total ERK bands. (**b**) Similarly, OCP from WT and CD44KO mice were isolated and differentiated into osteoclasts with M-CSF, RANKL and recombinant Osteoactivin for 48 h. Protein cell lysates were isolated were analyzed by Western blot. Relative densitometry shows a restoration in the levels of pERK in CD44KO lysates. The data are representative of three independent experiments. Data presented in all graphs represent mean±s.e.m. \**P*\<0.05 compared with control.](emm201678f5){#fig5}

![Recombinant Osteoactivin inhibition of receptor activator of nuclear factor-κ B ligand (RANKL)-mediated osteoclast differentiation and recruitment *in vivo* is CD44-dependent. (**a**) Mouse calvarias (*n*=5) were implanted with a collagen sheet soaked with PBS (control), RANKL (50 μg ml^−1^) or with RANKL and recombinant Osteoactivin (100 μg ml^−1^). A week later, calvarias were harvested and TRAP-stained to determine the presence of osteoclasts. The TRAP-stained area was quantified as described in the 'Materials and Methods\' section (**b**). (**c**) Calvaria in **a** were analyzed by micro-computated tomography. Representative images are shown. Data presented in all graphs represent mean±s.e.m. \*\**P*\<0.01 compared with control.](emm201678f6){#fig6}

###### Osteoclast primers used for qPCR

  *Primers*             *Sequence*
  --------------------- -----------------------------------------------------------------------------------------------------------------------
  RANK                  5′-AGTTTAAGCCAGTGCTTCACG-3′ (RANK forward) 5′-ACGTAGACCACGATG ATGTCG-3′ (RANK reverse)
  TRAP                  5′-GCAGTATCTTCAG GACGAGAAC-3′ (TRAP forward) 5′-TCCATAGTGAAACCGCAAGTAG-3′ (TRAP reverse)
  DC-STAMP              5′-TGTATCGGCTCA TCTCCTCCAT-3′ (DC-STAMP forward) 5′-GACTCCTTGGGTTCCTTGCTT-3′ (DC-STAMP reverse)
  NFATc1                5′-CTCGAAAGACAGCAC TGGAGCAT-3′ (NFATc1 forward) 5′-CGG CTGCCTTCCGTCTCATAG-3′ (NFATc1 reverse)
  OSCAR                 5′-CTGCTGGTAACGGATCAGTC CCCAGA-3′ (OSCAR forward) 5′-CCAAGGAGCCAGAACCTTCGAAACT-3′ (OSCAR reverse)
  Calcitonin receptor   5′-AGTTGCCCTCTTATGAAGGAGAAG-3′ (calcitonin receptor forward) 5′-GGAGTGTCGTCCCAGCACAT-3′ (calcitonin receptor reverse)
